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OONDRNSATION ma;:ns -
WEERE THEY OOCUR AND WHAT CAN EE DONE ABOUT TEDN

By Biohard V. Bheds and H. 4. Pearsc:n
FOREWORD

A brlef, nontechnioal discusseion eof condsnsatlon
trails 1s rtresented for flying personrel. World maps
showing trail-forming sones at diffsrent altltudes and

sessone are presented Meane for suprressing tralls are
given, .

NATUR® OF CONDENSATIGCN TRAILS

Condensatlon tralls are of three types:

1. Exhaust tralls — Formed by ccndenzation of mole-—
ture from the engline exhaust,

Z. Convectlon tralle — Formed under certain atmospheriec
condltions as a Tresult of riging of alr warmed
by peassage of the alrplane,

3. Aerodynamic trails -~ Formed by precipitation of
atmospherlc moisture as a result of adiabatic
temperature drop asaoclated with alr flow past
the sirplane.

The enumeraliion of three distinct tyvee of condensation
trails should not, of vourse, be oonstrued to mean that
combinations of these types ars not possilble.

Exhaust trails.~ The exhaust trail ie -the most impor-—
tant from military oorslderations, as 1% may be rather
oonslstently enoountered at some altitudes and latitudea.

It 18 peouliar %o high—altitude operatlons and 1s explalned
as follows:

The hydrogen of the fuel used zombines with oxygen
from the alr and forme water. VWhen normal aviation




gasoline is burned in an engine, about 1.25 pounds of
wvater 1s formed as wvapor and 1s discharged with the ex-—
haust for eamch pound of fuel burned.

Behind the engine-carrying body (fuselage or nacelle)
a turbulent region or wake 1s formed as the airplane
flies. The exhaust molsture and some of the engine heat
are discharged into this wake and bevome diffused through-—
out the wake as a result of the mixing actlon of the tur-~
bulence. The molsture end heat do not, however, mix with
the air outsids the weke because there the air is "smooth.?

The vortices in the wake grow and rotate more slowly
as they pass downatream from the amirplane. Thus the wake
expands and decays. During this process the energy of the
turbulence is dissipated me heat as a result of visoosity
or friction, and finally ec much energy has been digsipated
that the wake can nu lunger continue to grow. This point
is reached at a mile or more behind the alrplane, the ‘ex—
sct distanes being somewhat indefinite and dependent upon
the speed and power of {he alrplans, By thls time, because
cf the aotion of, wing—-tip vortices, the wake has changed
in form from ite origiral compact croes section to a more
or less flat ribbonlike fourm with curled-up edges, but this
change in form does no% i-volve any further mixing of the
water wvapor wilth {he air.

It 1s sagy to eee that, if the alY¥ 1s .so vold that it
cannot hold much water as vapor, the water in the exhaust
may be sufilecient, when added to the moisture already 1in
the atmosphere, to railse the humidity in the turbulent
wvake to or beyond the saturation value. If this condition
exlets, some of the wrter vapor will condenss and a visible
trail will form.

Since the turbulent wake 1e¢ narrow near the airplane,
the density of moisture will ba greatest at thic location.
Farther away, where the wake 13 larger and the exhaust
molsture is more widely diffused, there will be less mols-—
ture density. Thus, under eome conditions, a short trail
may form that evaporates where the wake cross section be-—
comes too large to maintaln 100—-percent humidity. If the
amount of molsuire is great enough tv more than saturate
the wake mt 1ts final and greatest orouvse ocection, however,
the trail will be perasistent aid will nobl disappear until
it 1a finally blown away by the wind or dissipated by at-
moavheric turbulence.

From the foregoing explanation it is clear that ex—
haust trails are favored by
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{a) Low temperatures,.

"(d) High atméspheric humidity (but at very low tem— -
peratures, persistent trails may form with
very low humidity) .

(c) High fuel consumption (hifh power and high spe-
gifiec fuvel oconsumption

(da) Low drag (less turbulence and narrow weke)

(e) Low speed (smaller final dlameter of wake because.
of lower turbulent energy)

Convection trails.— £11 the heat from combustion of_

the fuel is discharged into the air behind the airplane
except the heat lost by radiation, The air behind the
airplane %8s thus warmed and expanded eslightly, and it will
therefora rise slowly, purhing up the unwarmed air above
it. If the ntmospheric lapee rate at flight level is not
more than sli:htly lese than the molst adiabatic lapse

rate and, i1f the humidity is ratkher high, a contlnuous
"pnaturel” cloud will form behind and somewhat above the
airplane. This type of trall ig very wide .end, in generasal,
dces not connect with the airplane,.

Convection truils are favored bdy
(a) High power and fuel coneumption

(b) Lapse rates on the verge of "conditional insta—
bilaty"

{(c) High humidity

der odynamic trails.— When the air flows past the

wings, the propeller, and other parts of the airplane,
there are reductions of pressurs that cause "adiabdatlo
cooling" of the air. Thie cooling may be great enough to
raeise the humidity relative 1in the affected regions to

100 percent or more and, in auch ceses, condensetlion will
take place. For the moust part, efter passing the airplane,
the alr comee back to athospheile pressure and to sudbsbtan—
tlally atmcepherle temperature, and the-condensate will
evaporate lmmedlately and lemve no trall,. There &are,
however, reglons wlthin whick the pressure and the temper-—
ature remain less than atmoespherio for a oconsilderadle dis-
tance downetream, such ae, for example, the coree of the
wing—tip and propeller—tip vortices. Condensate may per-—
seist 1z suoh reglons upntll the vortioes deoay.




¥hen the humidity ie very high, evaporation can be
60 elow that a persletent or semipersietent trail will
form even in the regione where the preesure and the tem—
perature have returned to atmospherio values. If condi-
tione are favorable for euoh traile to form at eubfreez—
ing temperaturee, furthermore, the condeneate may freeze
and may remaln more pereletent than at high temperatures,

In general, under conditions of very high humidity
(both epecific and relative) "wing" traile or "wing-tip"
traile willl form, Ac¢ a rule, hHut not without exoception,
wing-tip tralle will pereis¢ where ordinary wing traile

wlll immediately evaporate.
Wing traile are favaored dy
(a) High epeed and wing loading

(b) Very high humidity

(c) High temperatures (the tralle may persist longer
if the temperature le not above freezing)

Wing—-tip iralle are not appreociadly affected by
epeed changeus. Thoy are favorod dy

(a) High wing loading

(b) High humidity

(c) High temperature (the tralle may pereist longer
if the temrerature 1e not above freesing)

In general, both the aerodynamie trail and the con-—
vectlon trail are sporadic and rather rare in occurrence
because they require relaptively vnusual soabluations of
coaditiona. At present they ocanmot be preadlicted with
certainty or with ease. The sxhaust trail, on the other
hand, will peaarly alwaye ccour At certain hBigih altitudes
and latitvdes and ie most important from the military

standpolint.

ZONES OF OCCUARENCE OF EXHAUST TRAILS

World mape are included herein to ehow the zones of
occurrence of exhauet traille at the different seasone of
the year. These maps are based on available data on monthly
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méan valuee of temperature and humidity and apply speoif—
loally .to-the. Bl7=E..airplans. in. normal heavy orulsing
oondition, The maps will apply reasonably well, however,
to any modsrn airplane, provided the power output per en-
€ine at the upper'altitudee 1s about the eame ae that of

At the time of prsparation of these mape, sufficient
data were avallable to permit reasonably exaot determina-—
tion of ths trall zones only over the North American eon-—
tinent, ths weetern half of ths Atlantio Ooean, and the
eantern third of the Paolflc Ooean in the Northern Hemi-
sphere. Ths zone boundariles shown elsewhsrs are purs
sstibatens, and they are presented as suoh, pending ocom~
pilation of the data required to oonstruot more exaot
mape.

Fo boundary lines ars shown in ths Southern Hemi-—
sphare bsoauss of laok of data. Trell zonss in this henl-
sphers may be roughly eatimatsd from the followlng rulee:

1., The mean pouth latitudes of the %ons boundaries
in the Sounthern Hemisphere for ths month of
July will be about the same as ths msan north
latitudes of the zone boundariss in ths Northsrn
Hemipphers for the month of January. The same
rule avnplies for thevothser complimentary months.

2, %ons boundariss will have a tendsnoy to bulgs
toward the poles over ths Southsaet Pacifiec and
the Southwest Atlantic and to bulge toward the
squator of the westsrn ococaste of the continents
of South Amsrica and Afrioa,

It should bs borne in mind that such maps ars msrely
repressntat ive of average condltiones, becauee the maps
are based on mean atmospheric temperatures and humiditiee.
It should also be borne in nmind that ths mape apply to
specified operating conditions of a single alrplans, In
general, the boundary lines on any given map will cons
toward the equator for climbing conditliens, recede foward
the poles for diving or gliding conditlons, approaoh the
squator for alrplanes having greatsr pingle—engline powsr
than the B17-E, and rsesosde toward the polss for alrplanss
having lees power than the B1l7-E,




SUPFRESSION “QF TRAILS

. .If a trall is formsd, there are certaln meaeurss
avallable to the pillot for suppresslng or sliminating then,
4dn snuusrgtion of thesa nsgeurss follows:

E;hgngjﬁi;gAli.— In principle, the only completsly
effective method of prsvsentlng sxhaust tralls is to rsmovs
the water from ths exhaust by usans of watsr—-rscovsary
apparatus. Bscaues such squlpment 1s not available and
apparently 1s tol praoticabls at the moment, othsr msans
of suppression that can.be only partly sffective must bs
resorted to. -rThese othsr means will, of courss, be more
effsotive in reglione or at altitudes whsre the trails are
not of great denslty and vics versa.

1, If rsduction of mltituds 1s psrmliesible, throttls
. englnse and glids at high speed to m lower
levysl,

2...If nst loss of mltitude is nut permissible, go
into a shalluw puwer dive at aubstantial 1n-
croase in spssd, Rsgaln elbliude by zooming.
(Short lengtha of .pereistsnt trfaill may bse
formed during latteér part of zcom.) Altsrna-
tive: - Tly at reduced power.

32, If some reduction in mspsed 1s psrmisgsible with
. same power output and fusl oonsumption, as
during climb, opren engine cowl flaps as wide
a¢ possidls. (Airpianes without cowl flaps
could bs equippsd wiik similar drag—producing
devioes,)

.+ -The -sffect 'of theee wvarlous sxpsdients will, if con-—
ditiong ars not Yoo difficult, bhe to transform a long,
persietant trall inte a short diesipating one or tuv shorten
8till further n dissipating trail. Ths trails will prob-—
ably not dilsappear entlirsly in all caess sxcent when rulae

1l 1s applied,

fopvectlion traila.—

1, Climb or descent to new level. (A change of alti-
tude cof 1000 to 2000 feet should be ammpls in
moet oases to eliminate traill complstsly.)

2. Stay away from level of stratus and strato—cumulous
tloud formatlons,
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derodynamic trails.— Owing to the fanst that wing—-tip
trails are little affected by zpeed changes, Khere 1ls no

way in which the pilot can manipu‘aue the airplane to

eauge immediate and complete cezsation of all aerodynamic
trails. In general, howaver, the following proczedures
gehosuld help if they can be applied:

1. Throttle engine and reduce speed.

2, Reduce altitude belcw freezing level

3., Climb er descend to new altitude to get out of
humid layers.

4. Avoid flying near ths elevation of stratus—type

cloud foruations,

FLIGHT IN THE STRATOSPHERE

The British in prelimiunary investigations have con-
cluded that persistent oxhnust trails will ceaso a2 short
distanco above the tgonopausah They lay groat stress,

therefore, on the desirability of flying in the stratospherse

on bombing missions. It should be pointed out here that
the NACA investigntion does not oear out this conclusion,
The true explanation of tho British findings is bellieved
to be that in their tests the tropopause was close to the
ceilings of the airplaree ugsed and consideradly above the
critical altitudes. The engine powers, therefore, were at
l1ow levels and the trails ceased because of reduced powser
and amount of moisture discharzed per unit volume of trail,
Their trails probably could have been made to cease at any
elevation below the tropopause by throttling the engines
in acoordance with rule 1 or 2 governing suppression of
exhaust trails. An exhaust trail from any airplans should
be greatly suppressed, if not entirely eliminated, when
the airplane is flying 7ell above its critical altitude
and near its ceiling, wherever these altitudes way be and
regardless of the elevation of the tropopause,

It should be clearly understood that flying into the
stratosphere will not, of itgelf, cause cessation of
tTrails as far as is shown from the fundamental nature of
trail phenomena.

Langley Memorial Aeronautical Laboratory,
Fational Advisory Committee for Aeronautics,
Langley Field, Va,
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ABSTRACT

A study was made of condensation trails, the geographical and atmospherical locations where they

are most prevalent, and what can be dmae to eliminate them. Maps are included showing the altitudes

at which the trails are apt to form in certain areas of the earth. The best possible means of eliminating
these trails is to avoid those particular altitudes and areas. If this is impossible, diving and zooming
will give only sporadic trails, and a reduction in power combined with opening the cowl flaps as wide

as possible will reduce the density of the trails. Aerodynamic and wing trails are caused by the

design of the airplane as well as the temperature and altitude, Exhaust trails are purely a function

of the temperature and humidity.
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